The corrosion protective property given to coated steels by epoxy (EP) and alkyd resin (LAR) paints was evaluated by electrochemical measurements such as electrochemical impedance spectroscopy (EIS) and scanning vibrating electrode technique (SVET) under different environmental conditions. With respect to the organic coatings investigated in the study, the life of coating film (ts) immersed in a 3% NaCl solution was obtained from film resistance (Rf) measurements and the is values were observed in the order, 340 h for LAR (20,um) < 770 h for LAR (40pm) < 990 h for EP (20/um). The electric current density (i) obtained by SVET increased with increasing immersion time, and reached a constant value after 3 days. Such constant value was observed to be in good correlation with film resistance (Rf) obtained by EIS.
Introduction
The paints used were pigmented paints formulated by epoxy resin (EP ; Dai Nippon Toryo Co.) and long oil alkyd resin (LAR ; Dai Nippon Toryo Co.). Fig. 1 Coated test specimens were exposed to different corrosion-promoting environments, namely : C) immersion in a 3% NaCl solution at room temperature, (1) at 40°C/95% relative humidity, and CD at 20°C/95% relative humidity. The film resistance (R f)of coated specimens exposed to environment were measured in a 3% NaC1 solution used as the electrolyte solution at room temperature.
As for the evaluations in environments (2) and (3), the coated specimens exposed to these environ- SVET-1000. The measurements were taken on the exposed coated specimens immersed in a 100
ppm NaC1 solution at room temperature for various periods.
These were carried out at 441 points in an area of lx1 cm, where both Xand Y-coordinates were divided into 20 parts.
These specimens were also exposed to the same corrosion-promoting environments as studied by EIS. Especially, SVET measurements were taken on coated samples after having been exposed for 50 days. However, in the case of coated specimens exposed to environment CD, SVET was unable to be measured owing to the many large blisters and exfoliation formed in the coating film. In such case, SVET measurement was then carried out on coated steel plates which had been stored in a desiccator at room temperature for 50 days, and designated as the results in environment Coating film of each exposed specimen was artificially scratched to a length of 0.5 cm at the center of the measurement area by a cutting knife in conformity with a method of the cross cut test according to the Japanese Industrial Standard (JIS).
The electro-potential gradient produced with a lock-in amplifier was displayed on a three-dimensional map. The vibrating electrode was a platinum needle, and the conditions of measurement were as follows') : vibrating (up-down) frequency, 221 Hz ; electrode amplitude, 150,um ; distance between the electrode at center of amplitude and coated steel surface, 150,um ; scanning step, 500,um.
Results
and Discussion
EIS
In EIS, the Nyquist and Bode plots were drawn (measured values) after the measurements. Shown in Fig. 2 -a, is a typical equivalent circuit applied in evaluating the degradation of EP and LAR coatings by EIS, where Rsol is the electrolyte solution resistance, Rf is the coating film resistance due to the penetration of electrolyte, Cf is the capacitance of the coating film layer, Rct is the charge transfer resistance corresponding to the corrosion reaction at the metal/coating interface, Cdl is the double layer capacitance, and Z is the Warburg diffusion impedance. In order to show the adequacy of this equivalent circuit, parameter fitting by a simulation was performedl4"5) (calculated values). The values of tb and ts can be used as measures of the apparent lifetime (t') of a coating film.
In this case, to evaluate the abilities of protective coating films by Rf vs. immersion time, the authors used the ts method (method B) which specifically indicates the life of the coating. It is a time at which Rf of coating film drops continuously and reaches the resistance of the steel substrate. In the case of the coating film immersed in a 3% NaCl solution CD, the Rf value decreased to the order of 1040 cm2 after about 340 h, while those in (2)2 and ,C) decreased to the order of 1040 cm2 after about 1200 and 1750 h, respectively. It is thought that such decrease of Rf values was based on the degradation of the coating film caused by 02, H2O, Cl-, and Na+ ions which permeated into the film toward the film/steel substrate interface, allowing the corrosion of the steel to proceed. In the visual observation of coating film in the environment C), some blisters appeared after the immersion for 340 h. To evaluate quantitatively such corrosion states, it is necessary to measure the number of blisters and rust spots. The rate of corroded area in this work can be obtained by comparison between the specimen's surface and a standard figure based on ASTM (D610-85521)2". Consequently, since the rate of corroded area of the specimen after 340 h immersion in the environment CD was about 0.3%, and the Rating Number (RN) was about 7, this state was regarded as the state at ts. Because it is generally said that repainting is most economical when the rate of corroded area is about 0.3%22).
However, as for the specimens exposed in environments CD and Z, blisters were not seen despite the Rf value decreasing to the order of 104( cm2. Determination of life of coating film (ts) by the degree of blister formation was not then possible. Figure 4 shows the variation of Rf on increasing immersion or exposure time of LAR of 40/im thickness. In this case, the Rf values of the coating film were observed to show a similar tendency as that of LAR coated at 20/im shown in Fig. 3 . In particular, the ts for LAR coated at 40,um exposed in environment was reached at about 770 h. The coated specimens used in this case were those exposed in environment 10 for 50 days. When the cut coated steel was immersed in 100 ppm NaC1 solution, height of the peak at the cut area increased with immersion time. Since a potential gradient value (E) can be converted into current density (i), it is possible to analyze the local corrosion behavior by measuring the twodimensional distribution of E on a corroding metal surface') as given in Fig. 7 . To evaluate the degradation of coating film, the degree of growth of the anode control part is given by the difference of the potential gradient (AE) as follows : (1) where Ea is a mean value of the highest three potential gradients at the anode control (peak) part and Ec is a mean value of potential gradients at cathode control (flat) part.
It is found that AE in the anode control part corresponding to the cut part in Fig.6 increases with the progress of the immersion time. Such tendency is probably due to the increasing cathodic area of the metal substrate caused by the degradation of the coating film in the electrolyte solution. (20,um) . It is thought that the corrosion proceeds slower as the current density is small. And as for the tested environments, environment e accelerates corrosion faster than other environments. Both Figs. 8 and 9 also show that the current density for LAR and EP coated steels exposed in environmentsCD', cp and ® was generally increasing but unstable during the initial stages until reaching a constant i value after three (3) days of immersion in 100 ppm NaCl.
Hence, for SVET measurements, the degradation of the coating films was then evaluated In addition, the relationship between the life of various coating films (ts) immersed in 3% NaC1 solution obtained by EIS measurement and the current density (i) of coating films stored in desiccator obtained by SVET is shown in Fig. 10 . It indicates that when a low i value is obtained, the life of coating film (ts) extends to a longer time. Consequently, it was found that there was a good correlation between the life of the coating film (ts) and current density (i).
Conclusion
The corrosion protective properties of coating films of long oil alkyd resin (LAR) and epoxy resin (EP) paints were evaluated by electrochemical impedance spectroscopy (EIS) and scanning vibrating electrode technique (SVET). The conclusions drawn from these results are as follows :
(1) The Rf value of LAR decreased earlier than that of EP during immersion or exposure to corrosive environments.
It was found that the corrosion protective property of the EP is superior to the LAR. JJSCM, 72 (6) 
